Kaneko N, Matsuda R, Toda M, Shimamoto K. Threedimensional reconstruction of the human capillary network and the intramyocardial micronecrosis. Am J Physiol Heart Circ Physiol 300: H754 -H761, 2011. First published December 10, 2010; doi:10.1152/ajpheart.00486.2010.-Three-dimensional reconstruction of the human heart was performed to define the structure of the intramyocardial microvasculature. A total of 200 consecutive serial sections of 6 m each were prepared from the left ventricular tissue of an autopsied human heart with normal coronary arteries. The corresponding arteriole, venule, and all capillaries were reconstructed using three-dimensional software. The capillary network extended right and left along the cardiomyocyte with major and minor axes of about 130 and 120 m, respectively. The capillary length from an arteriole to an adjacent venule was about 350 m. Two types of sack-like structures, the precapillary sinus and the capillary sinus, were present in the capillary network, and many capillaries diverged from these sinuses. The cardiomyocytes were covered with reticular capillaries. In contrast, the precapillary and capillary sinuses were surrounded by many cardiomyocytes. The arterial and venous capillaries were positioned alternately, forming a lattice pattern. Intramyocardial microcirculatory units forming a capillary network from an arteriole to adjacent venules on both sides were present. The sizes of myocardial micronecroses corresponded to that of the intramyocardial microcirculatory unit. These results show that the capillary network is an ordered and anatomically regulated structure and that the microcirculatory unit and the precapillary and capillary sinuses may play an important role in maintaining the intramyocardial microcirculation during contraction and relaxation. intramyocardial microcirculatory unit; precapillary and capillary sinuses THE CORONARY MICROCIRCULATION is important in providing oxygen supply and exchange for cardiomyocytes to maintain myocardial metabolism and facilitate myocardial contraction and relaxation. The detailed features of these vessels have been studied using various methods in several species for almost one century. In early studies, the morphology of the myocardial microvasculature was examined using dyes (5, 15, 19, 29) and silicone elastomer (3, 13). Wearn (29) first estimated the numbers of capillaries per 1,000 muscle fibers in human, cats, and rabbits using India ink injection, and Roberts and Wearn (19) described quantitative changes in the capillary muscle relationship in the human heart using India ink or Chicago blue. Using Wearn's technique, Brown described the branching patterns of arterioles, capillaries, and venules in six domestic animals (5). Ludwig (15) (26) showed the power of SEM for analysis of a corrosion cast of the coronary vasculature, but this approach is limited in terms of magnification, diameter of the visual field, and tissue permeability. Advances in microcomputed tomography and charge-coupled device cameras have facilitated visualization of the coronary microcirculation (9, 10, 14, 16, 27) . Such visualization of subendocardial arteries and venules has improved the understanding of the relationship of these vessels with cardiomyocytes. However, the relationship between the intramyocardial microvasculature and cardiomyocytes in humans remains unclear. Thus Spaan et al. (23) pointed out that a complete description of the branching patterns of the coronary arterial tree has not been obtained from morphometric studies and that the three-dimensional information from these studies is insufficient to predict perfusion distribution and properties of local control.
THE CORONARY MICROCIRCULATION is important in providing oxygen supply and exchange for cardiomyocytes to maintain myocardial metabolism and facilitate myocardial contraction and relaxation. The detailed features of these vessels have been studied using various methods in several species for almost one century. In early studies, the morphology of the myocardial microvasculature was examined using dyes (5, 15, 19, 29) and silicone elastomer (3, 13) . Wearn (29) first estimated the numbers of capillaries per 1,000 muscle fibers in human, cats, and rabbits using India ink injection, and Roberts and Wearn (19) described quantitative changes in the capillary muscle relationship in the human heart using India ink or Chicago blue. Using Wearn's technique, Brown described the branching patterns of arterioles, capillaries, and venules in six domestic animals (5) . Ludwig (15) examined models of the capillary pattern for oxygen supply to the myocardium. Using silicone elastomer, Bassingthwaighte et al. (3) and Kassab and Fung (13) established the branching patterns of arterioles, capillaries and venules, linear distance between an adjacent arteriole and venule, and the capillary density and range of sizes.
The vascular cast technique and scanning electron microscopy (SEM) (1, 2, 8, 17) have been used for three-dimensional observation of the microvasculature. Anderson and Anderson (1) and Anderson et al. (2) and Tomanek et al. (26) showed the power of SEM for analysis of a corrosion cast of the coronary vasculature, but this approach is limited in terms of magnification, diameter of the visual field, and tissue permeability. Advances in microcomputed tomography and charge-coupled device cameras have facilitated visualization of the coronary microcirculation (9, 10, 14, 16, 27) . Such visualization of subendocardial arteries and venules has improved the understanding of the relationship of these vessels with cardiomyocytes. However, the relationship between the intramyocardial microvasculature and cardiomyocytes in humans remains unclear. Thus Spaan et al. (23) pointed out that a complete description of the branching patterns of the coronary arterial tree has not been obtained from morphometric studies and that the three-dimensional information from these studies is insufficient to predict perfusion distribution and properties of local control.
Our laboratory (12) and Shozawa et al. (20) have reported that intramyocardial micronecroses of similar sizes are observed in all layers in autopsied hearts with normal coronary arteries. These observations suggest the presence of a microcirculatory unit in the heart. The aims of this study were to elucidate the structure of the coronary capillary network, determine the relationship between the three-dimensional microcirculatory system and micronecrosis, and show the presence of the microcirculatory unit. Moreover, we investigated the relationship between the cardiomyocytes and the capillary network using three-dimensional reconstruction of serial sections and computer analysis.
MATERIALS AND METHODS
The heart was obtained 3 h postmortem from a man aged 60 who died of bile duct cancer. The heart was 320 g in weight and had no pathological abnormalities. After the heart was fixed in formalin without washing the blood in the vessels, a tissue block (15 ϫ 11 mm) was excised in the middle portion of the left ventricular anterior wall. This block was divided into four layers parallel to the epicardial surface. The first layer was the epicardial layer. The second layer was the upper middle layer. The third was the lower middle layer, and the fourth was the endocardial layer. We analyzed the upper middle layer (a ϳ4-mm-thick block of the myocardial middle layer), which was dehydrated, defatted, and embedded in paraffin. We prepared one piece of tissue the size mentioned above (15 ϫ 11 mm and 1.2 mm thick). Two-hundred serial sections of 6-m in thickness were prepared and stained by a modified Masson technique. We didn t inject any contrast in the vessels, because there is no evidence whether the material of the injection would enter all of the capillaries completely.
Three-dimensional reconstruction of the human myocardium. The reconstruction was performed in three steps. First, all arterioles and venules within the visual area of 2.3 mm in diameter and 342 m in thickness were reconstructed at 133-fold magnification using a microscope (MTB, Chiyoda, Japan) and photographic equipment (PD-8, Chiyoda). Second, 25 images of the arterioles, venules, and capillaries within the visual area of 0.6 mm in diameter, using the central area in the first step, were taken at 470-fold magnification to reconstruct the microcirculatory bed in one direction. In the third step, all maps of the capillaries obtained in the second step were loaded onto a computer (Power Macintosh 7200/120) and stacked. The human coronary capillary network was then reconstructed using three-dimensional software (Shade 10 Professional, v.10.0.3). Three-dimensional rotational images were also produced and are provided as supplementary movies (all supplementary material can be found with the online version of this article).
The arteriolar-venular distance (linear distance between an adjacent arteriole and venule) (13, 15) was measured. Capillaries from an arteriole to a venule were defined based on nine points, and the numbers of capillaries per millimeters squared were measured in the cross section on the arteriolar side, middle, and venular side. The capillary network had many sinusal appendages of two types: precapillary sinuses and capillary sinuses.
Myocardial micronecrosis. To investigate the sizes of myocardial micronecroses, specimens were examined from 10 autopsy cases with no coronary heart disease. The blood pressure of each patient was below 80 mmHg at more than 6 h before death. Seven of the 10 cases were male and three were female. The age at death ranged from 44 to 70 years old, with a mean of 61.5 years old. Sections of 6 m were stained with modified Masson and Heidenhain iron-hematoxylin methods. An eyepiece micrometer was used to measure the size of isolated necrotic lesions.
The research was approved based on the Declaration of Helsinki, and autopsies were performed with signed informed consent from the patients' families in Tokyo Womens' Medical University.
All data are presented as means Ϯ SD. Data analysis was performed using ANOVA followed by a Dunnett test.
RESULTS

Three-dimensional reconstruction of the capillary network.
The reconstructed three-dimensional intramyocardial capillary network including three central arterioles, three central venules, and two precapillary sinuses was observed from various directions. A front view of the coronary capillary network is shown in Fig. 1A (see Supplementary movie 1A). The terminal arteriole shown in Fig. 1A had a diameter of 15 m and split into three branches oriented in approximately the same direction upon reaching the myocardial parenchyma (Fig.  1B) . The capillary network contains two types of sack-like structures: the precapillary sinus (Fig. 1, A and B ; PS-1, PS-2) and the capillary sinus. Two types of capillary branching were also found: dichotomous branching from a terminal arteriole, which resulted in two daughter capillaries, and branching from a precapillary sinus ( Arteriolar venular distance and capillary density. The distance from a central arteriole to an adjacent venule was ϳ350 m (Fig. 2A) ; this is the arteriolar-venular distance. Capillaries originated from the branches, expanded rightward and leftward along the major axis of the cardiomyocyte, and formed a capillary bundle of diameter 120 -130 m ( Fig. 2B ; see Supplementary movie 2). The mean capillary segmental length from one capillary to the next branch was 61.5 Ϯ 41.6 m (n ϭ 220) (Fig. 3) . The capillary density on the arteriole side was 2,301 Ϯ 123 /mm 2 , which was significantly less than the densities of 3,130 Ϯ 501 and 3,157 Ϯ 167 /mm 2 in the middle and on the venular side, respectively (each P Ͻ 0.05) (Fig. 4) . The theoretical tissue regions supplied by a single capillary on the arteriole side, in the middle, and on the venular side were 434.6, 319.5, and 316.7 m 2 , respectively. Intramyocardial precapillary and capillary sinuses. The precapillary sinus (Fig. 5 , A and B) is positioned between the terminal arteriole and capillaries (Fig. 1A) , and the capillary sinus ( Fig. 5C ) is present within the capillary bed. These sinuses diverged into many capillaries, but the capillary sinus did not directly connect with an arteriole or venule. In the histology, the thin walls of the capillary sinuses and precapillary sinuses were observed (Fig. 5 ). The diameter of the precapillary sinus is larger than that of the terminal arteriole. The volumes of the sinuses were 20,620 m 3 ( Fig. 5A ), 14,120 m 3 ( Fig. 5B ), and 4,180 m 3 ( Fig. 5C ), respectively. The precapillary and capillary sinuses are shown in Supplementary movies 3A, 3B, and 3C. The capillary sinuses ranged from 30 to 50 m in diameter and from 50 to 80 m in length. The number of precapillary and capillary sinuses is ϳ60,000/cm 3 in heart tissue, based on the number in the field of reconstruction.
Capillaries and cardiomyocytes. Cardiomyocytes were aligned in similar directions but had various shapes, including flat, partially thick, and slightly twisted (Fig. 6A) . Capillaries ran along and tended to wrap around the cardiomyocytes, and most of the capillaries had a parallel arrangement with respect to the myocardial fiber (Fig. 6B) . The cardiomyocytes surrounding venules were covered with capillaries whose upper region was close to the end of a terminal arteriole (Fig. 6C ) (see Supplementary movie 4). The cardiomyocytes were covered with a capillary network, as shown in Fig. 6 , D and D=, for a cardiomyocyte surrounded by four capillaries and partially by three. The precapillary sinus was surrounded by many cardiomyocytes and can be seen after removal of some of these cardiomyocytes in Fig. 6 , E and E=.
Myocardial micronecrosis and microfibrosis. Regions of myocardial micronecrosis and microfibrosis were observed in the autopsied heart without coronary artery disease and were similar in size to the distances from the central arteriole to both adjacent venules. Micronecrosis was mainly seen in the middle layer and not in the epicardium or endocardium (Fig. 7A) . Multiple micronecrotic lesions of a similar size were often isolated from one another (Fig. 7A=) . The necrotic cells showed coagulation necrosis and loss of nuclei. The cytoplasm was strongly eosinophilic, no cellular infiltration was observed in the interstitial tissues, and the border of the necrosis was clear (Fig. 7B) . The representive micronecroses were shown in the cross section (Fig. 7C ) and in the horizontal section (Fig. 7D) . The intramyocardial micronecrosis examined from 10 autopsy cases were 116.4 Ϯ 13.6 m (minor axis) by 131.5 Ϯ 31.2 m (major axis; n ϭ 80) and a length of 712.8 Ϯ 47.2 m (n ϭ 53) in the horizontal section.
Intramyocardial microcirculatory unit. We used color coding to distinguish arterial (red) and venous (blue) capillaries and to investigate their mutual relationship based on Fig. 4  (Fig. 8A) . These capillaries were positioned alternately to each other, as is also evident in right-and left-sided views (Fig. 8, A= and A==) . This positioning results in the arterial and venous capillaries forming a lattice pattern in the capillary network with a stagger, which may facilitate regulated perfusion in the microcirculation. There is a definite presence of a microcirculatory unit based on the distance from the arteriole to venule and observation of the micronecroses. The capillary network in the human heart has a minimum circulatory unit of about 120 ϫ 130 m in cross section and 700 m in length; that is the distance from an arteriole to both adjacent venules (Fig. 8B) . Schematic image of microcirculatory unit was shown in Fig. 8C . The representive microfibrosis observed in patients with hypertensive heart disease is shown in Fig. 8D and corresponded to that of the intramicrocirculatory unit. 
DISCUSSION
Intramyocardial capillary network. The term microcirculatory bed is used to indicate vessels of Յ100 m in diameter, and it has been suggested that arterioles divide by dichotomous branching until the final division results in two daughter capillaries (5). The coronary arteries are known to branch into small arteries and arterioles in a tree-like manner, and the branching angles and branch diameters in the coronary network of the human heart are similar to data obtained in rats (34) . A central arteriole entering the myocardial parenchyma divides by dichotomous branching into further arterioles, resulting in terminal arterioles. However, coronary capillary branching from a terminal arteriole does not follow this rule and two types of capillary branching occur: dichotomous branching from a terminal arteriole and branching through a precapillary sinus from a terminal arteriole.
The capillaries leaving the terminal arteriole and those leaving the precapillary sinus run right and left along the cardiac muscles. The capillaries fed directly by arterioles are called arterial capillaries, and those drained directly by venules are called venous capillaries (13) . The capillary bundle forms many anastomoses within the bundle and eventually reaches a venule. Capillary connecting patterns identified as H, Y, T, hairpin, and Ccc were observed in the study, consistent with earlier reports (3, 5, 14) . The Ccc is the shortest capillary to communicate with two longer parallel vessels (13) . This suggests that Ccc vessels produce a more uniform distribution of microcirculatory flow in the capillaries originating from one central arteriole.
Tsoukias et al. (28) used computation to reconstruct a model of the three-dimensional microvascular network in the hamster skeletal muscle and simulated oxygen transport in this network. Spaan et al. (23) also achieved three-dimensional visualization of the intramural coronary vasculature using an imaging cryomicrotome. In the current study, we reconstructed the three-dimensional structure of the intramyocardial microcirculatory system in the human left ventricular middle layer and obtained detailed information on the capillary network from movie images.
Arteriolar-venular distance and capillary density. In the present study, the arteriolar-venular distance (the linear distance from an arteriole to an adjacent venule) in humans was found to be ϳ350 m. The arteriolar-venular distances (functional capillary lengths) of the left ventricle in rat, rabbit, and pig have been reported to be 310 m (25), 320 -380 m (15), and 510 m (13), respectively. These distances are similar to those found in this study. The capillary segmental length was 58.9 Ϯ 43.2 m on the arteriolar side and 71.1 Ϯ 52.2 m on the venular side, and the mean capillary segmental length was 61.5 Ϯ 41.6 m. Kassab and Fung (13) found a capillary segmental length of 21.1 to 54.5 m in the left ventricle in pig.
Previous reports have found an average capillary density of 2,247 Ϯ 112/mm 2 in rat (4) and 2,816 Ϯ 72/mm 2 in the endocardium and 3,885 Ϯ 71 /mm 2 in the epicardium of rat (7). Roberts and Wearn (19) first reported that the capillary density in normal adult heart ranged from 2,993 to 4,066/mm 2 , with a mean of 3,342 Ϯ 40/mm 2 and that in hypertrophied adult heart ranged from 1,868 to 3,037/mm 2 , with a mean of 2,483 Ϯ 31/mm 2 . Rakusan et al. (18) reported that adult mammalian hearts in all species studied have a coronary capillary density in the range of 2,000 -4,000/mm 2 of myocardium in cross section. In our data, the capillary density on the arteriolar side (2,301 Ϯ 123/mm 2 ) was less than that in the middle (3,130 Ϯ 501/mm 2 ) and on the venular side (3,157 Ϯ 167/mm 2 ). The increased capillary density on the venous side may be due to adaptation to lower PO 2 values. Batra et al. (4) In the present study in human heart, the theoretical tissue region supplied by the venular side (316.7 m 2 ) was also less than that supplied by the arteriolar side (434.6 m 2 ). We selected cases obtained within 3 h to avoid the effect of time from death to fixation. However, we could not control issues such as cardiac arrest in systole versus diastole. Fixation and tissue embedding in paraffin might also be a limitation in the study of pathological specimens, but our data for capillary densities were similar to those measured in other studies (18, 19) .
Precapillary and capillary sinuses. Capillaries typically have no vascular smooth muscle, and this feature was apparent in the capillary and precapillary sinuses, indicating that these structures have no active contractility. We have previously reported irregularly shaped microstructures of blood storage, which we refer to as capillary sinuses (11) . At that time, however, the anatomical relationship between the microstructures and terminal arteriole could not be detected. In the present study, we found two different types of sac-like structure: the precapillary sinus (Fig. 5, A and B) and the true capillary sinus (Fig. 5C ). The precapillary sinus is positioned between the terminal arteriole and capillary bed, and the diameter of the precapillary sinus is larger than that of the terminal arteriole. The walls of the precapillary sinuses and capillary sinuses are very thin and similar to walls of capillaries.
Blood flow in the myocardial microcirculatory bed in the systolic and diastolic phases has been examined in many studies. Wiggers (32) suggested that myocardial contraction massages the blood in the vascular bed and improves venous outflow, and Tillmanns et al. (24) proposed that the reversal of blood flow in the systolic and diastolic phases occurs at a junction between the arteriole and the capillary. Kiyooka et al. (14) and Toyota et al. (27) suggested that the capillary sinus is enlarged during diastole and compressed during systole in vivo in the canine heart. Spaan et al. (21) have suggested that systolic-diastolic variations in coronary blood flow are not due to varying resistance but are caused by an active intramyocardial pump. Westerhof et al. (30) have reviewed these models of diastolic-systolic changes in the vasculature. The precapillary sinus is positioned at a junction between the arteriole and capillaries, and it is thought that the precapillary and capillary sinuses store blood during the diastolic phase and eject the blood to the capillaries with the support of myocardial contraction during the systolic phase. The cardiomyocytes are fed by the capillaries, while the precapillary and capillary sinuses work as a micropump that utilizes cardiomyocyte contraction and relaxation. Therefore, the function of precapillary and capillary sinuses in the heart might be thought of as maintenance of uniform perfusion of the myocardial parenchyma.
In past studies, small aneurysms have been observed in the coronary arteries of diabetic patients (6, 33). However, our patient had no history of diabetes mellitus and no aneurysms were observed. There is a difference morphologically between the precapillary and capillary sinuses and an aneurysm, because many capillaries emerge from precapillary and capillary sinuses, whereas only one capillary emerges from an aneurysm.
Capillaries and cardiomyocytes. We previously tried to reconstruct the coronary capillary network from serial sections, but an accurate structure could not be obtained because the microvasculature was observed from one direction only and was recorded by hand. However, an understanding of the three-dimensional structure of capillaries and cardiomyocytes is essential for understanding microcirculation. In the present three-dimensional reconstruction, several cardiomyocytes were found parallel to the capillaries and surrounded by a dense cord-like distribution of capillaries. The precapillary sinus was then surrounded by many cardiomyocytes. Anderson et al. (2) showed that there are differences in the arrangement of capillaries between skeletal and cardiac muscle fibers. Cardiac muscle has branches of muscle fibers that clearly influence the arrangement of capillaries and has considerably more capillary branching in comparison with the skeletal muscle. These results show that the capillary network is not disordered, but is a functionally and anatomically regulated structure.
Intramyocardial microcirculatory units. Three-dimensional reconstruction of capillaries showed that the arterial and venous capillaries are positioned alternately to form a lattice pattern. The alternate positions of the arterial and venous capillaries cause a staggered formation of a half unit due to this structure in necrotic and fibrotic lesions. Wieringa et al. (31) developed a three-dimensional resistance network with random features to simulate the complexity of the myocardial microvasculature, and capillaries with low and high perfusion were found side by side. In our study, the mean size of the micronecrosis was 116.4 Ϯ 13.6 m ϫ 131.5 Ϯ 31.2 m in cross section and 712.8 Ϯ 47.2 m in length. The observations described above suggest that an intramyocardial microcirculatory unit is present in the microcirculatory bed. As a result, the human precapillary and capillary sinuses and the capillary network have a minimum circulatory unit of about 120 ϫ 130 m in cross section and 700 m in length; that is twofold the arteriolar-venular distance from an arteriole to both adjacent venules. In other words, the diameter of the micronecrosis is equal to that of the capillary bed between the arteriole and venule, and the length of the micronecrosis is equal to the distance from the arteriole to the venule on both sides.
The concept of an intramyocardial microcirculation unit emerges from the three-dimensional reconstruction of the capillary network and the pathologic observation of intramyocardial micronecrosis in the normal heart. The existence of these units is important in considering compliance in coronary arterial hemodynamics (22) . The microcirculatory system can be considered as a minimal unit (an intramyocardial microcirculatory unit) in the coronary circulation.
As the limitation of this study, the observation of threedimensional reconstruction was performed in the limited small area of the upper middle layer in a normal human heart. A wider investigation of an area including the inner and outer layers of the left ventricle is required. Moreover, to elucidate abnormalities of the coronary microcirculatory system, pathological hearts including those with microvascular angina and myocardial micronecrosis should be examined.
In summary, three-dimensional reconstruction of the structure of the intramyocardial microvasculature showed that it is composed of minimal circulation units arranged in an orderly fashion. These units exhibited a lattice-like arrangement. The precapillary and capillary sinuses are reservoirs that facilitate myocardial compression in systole. We conclude that the intramyocardial microcirculation is maintained by the specific nature of the perfusion through the intramyocardial microcirculatory unit and the presence of precapillary and capillary sinuses.
